The energy efficiency of light-emitting diode (LED) technology compared to incandescent light bulbs has triggered an increased focus on solid state luminaries for a variety of lighting applications. Solid-state lighting (SSL) utilizes LEDs, for illumination through the process of electroluminescence instead of heating a wire filament as seen with traditional lighting. The fundamental differences in the construction of LED and the incandescent lamp results in different failure modes including lumen degradation, chromaticity shift and drift in the correlated color temperature. The use of LED-based products for safety-critical and harsh environment applications necessitates the characterization of the failure mechanisms and modes. In this paper, failure mechanisms and color stability has been studied for commercially available vertical structured thin film LED (VLED) under harsh environment conditions with and without the presence of contaminants. The VLED used for the study was mounted on a ceramic starboard in order to connect it to the current source. Contamination sources studied include operation in the vicinity of vulcanized rubber and adhesive epoxies in the presence of temperature and humidity. Performance of the VLEDs has been quantified using the measured luminous flux and color shift of the VLEDs subjected to both thermal and humidity stresses under a forward current bias of 350 mA. Results indicate that contamination can result in pre-mature luminous flux degradation and color shift in LEDs.
Introduction
Over the last few decades, LEDs have become one of the mainstream illumination sources due to their advantages in energy efficiency, long lifetimes, and environmental friendliness. Among the various types of LEDs, InGaN based LEDs have been the most widely used for SSL devices. They can be seen in numerous lighting applications because of their high current injection efficiency and blue-light emission [Schubert 2006 , Kim 2007 . InGaN LEDs, along with a yellow phosphor layer, is the preferred method to produce artificial white light. The yellow phosphor can be placed directly or remotely in relation to the LED to produce a spectral power distribution (SPD) of what is perceived as white light. Currently, phosphor converted LEDs (pc-LEDs) use phosphor constructed of a garnet that has been doped with a heavy earth metal place directly on the LED. The most commonly used phosphor is cerium (Ce 3+ ) doped Yttrium aluminum garnet Y3AL5O12) [Qin 2011; Ye 2010; van Driel 2011] . The phosphor particles are spin coated with a binder, such as silicone, in order to directly attach to the LED. The unique silicone polymer utilized in pc-LEDs is stable over a wide temperature range and resistant to yellowing after ultraviolet exposure. Furthermore, silicone can be formulated with different hardness properties, which can be either a gel, an elastic solid, or a more rigid material. Silicone used in LED encapsulation is generally elastic, which gives the needed flexibility to encapsulate the wirebond and LED die. Additionally, this characteristic provides the ability to absorb thermal stress from the soldering process and during high power operations.
Previous researchers have shown that LEDs rarely fail catastrophically; instead, their light output degrades slowly over time. Generally, there are two predominate degradation mechanisms. One mechanism is the degradation of the LED chip due to the increase of non-radiative recombination which reduces the total number of emitted photons [Rossi 2006; Tomiya 2004; Lee 2008] . The other predominant mechanism is the degradation of the optical parts under temperature or electric stresses [Narendran 2004; Chang 2012; Pavesi 2004; Meneghesso 2003; Hoang 2005; Hong 2005] . If an LED is in the presence of VOCs, then VOCs can diffuse into the gaspermeable silicone lens and encapsulants. The VOCs will occupy the free space in the molecular structure of the silicone. Once exposed to high photonic energy emitted by the LED and heat from the junction temperature, the VOCs start to discolor and deteriorate the pc-LED [Rossi 2006 ]. The predominant failure mechanism of VOC contamination is the discoloration of the phosphor layer. After VOC contamination occurs, the degradation of luminous flux and the chromaticity shift becomes extremely rapid. Several LED manufacturers have released application notes pertaining to the chemical compatibilities of the LED products [Cree 2013; Samsung 2013] . Material selection considerations and chemical compatibility test methods are outlined in order to increase the overall lifetime of LEDs through the reduction of VOCs during operation. However, no detailed failure analysis of VOCs contamination and reversibility has been seen in literature which necessitates the investigation presented in this work.
In this paper, VLEDs from the same manufacturer have been studied in a contaminated and uncontaminated environment. Periodically, luminous flux and CCT were recorded in order to correlate the photometric and colorimetric results to the predominant failure mechanisms previously described. The lighting measurements followed the LM-79-08 test standard [2008] . In addition, the VLEDs were subject to a steady-state temperature humidity life test of 85/85 with an electrical bias based on the JEDEC standard JESD22-A101C [2009] and other reports [Davis 2013 [Davis , 2014 . Upon completion of the accelerated testing, a pristine sample and the contaminated samples were cross-sectioned to further investigate the contamination area of the VLED package. From the cross-sectional analysis, it was observed that VOC contamination occurred in the phosphor binder layer only. The contamination process was found to be reversible when the contaminated samples were moved to a VOC free environment. The photometric results, as well as the failure analysis of the VLEDs are presented in this paper.
Experimental Setup Test Samples
Several of the same LED product from the same manufacturer were used for experimental measurements throughout the experiment. Each LED consists of a blue emitting-LED chip covered by Yttrium aluminum garnet (YAG, Y3AL5O12) phosphor and silicone encapsulation. The yellow-based phosphor coating converts the blue light to a broader white light spectrum. The test samples can be powered with a constant current up to 1500mA. Figure 1 shows the samples used in the experiment. During the test, samples of the same LED package are separated into two groups. Each group had a population of five. The first group stayed in the contaminated chamber until complete failure. Samples of the second group had been moved into VOCs free chambers after the observation of VOC contamination to monitor the reversibility of contamination. 
Contamination Sources
In this test two potential contamination sources have been studied. The first is the port stopper of the thermal and humidity chamber and it is made of vulcanized rubber. Sulfur is added to the natural rubber during the vulcanization process. However, sulfur is known to escape from the rubber, although with short chain plasticizing molecules at high temperature. The second potential source of contamination is the adhesive epoxy used in the thermal and humidity chamber. In order to fix the thermal couple and humidity sensor, a lot of adhesive epoxy were used in the chamber during the maintenance. After the test, an obvious discoloration of the adhesive epoxy can be observed. Figure 2 shows the contamination source for this experiment. Figure 3 shows the heat sink and fixture used in this work for the environmental chamber. In this setup, a single LED was mounted on the top of a star board that was fixed on the top of the heat sink with screws and nylon insulation. The nylon insulation pad was used to prevent electric connection between the star board and the heat sink. Test samples were subjected to both thermal and relative humidity stress in a contaminated chamber. Figure 4 shows the thermal and humid chamber used in this experiment. The accelerated test temperature was 85°C and the relative humidity was 85%. During the test, LED packages were power cycled at one-hour intervals. A constant current output driver outside of the chamber was utilized to power the LED packages at 350mA. The samples were examined at intervals of 168 hours (one week). Figure 5 shows the electric parameters used in the experiment. At each measurement time, the LED packages were taken out of the chamber and cooled down to room temperature. After the test, the LEDs were attached to the heat sink again and moved back into the chamber. Thermal management is a key issue during the experiment. Without proper fastening of the star board and heat sink, the high junction temperature could cause the carbonization of the encapsulations.
Test Matrix

Figure 5. Electric parameters
Parameter Measurement
The LEDs were removed from the heat sink used in the environmental chamber and mounted on a fin heat sink in the integrating sphere, in order to perform photometric measurements. Luminous flux, chromaticity coordinate, and color temperature were recorded in the integrating sphere according to the LM-79-08 "Electrical and Photometric Measurement of Solid State Light Product" [2008] , at each measurement time. During the test, LEDs were connected through the power cord inside the integrated sphere. A forward current of 1000 mA was used to acquire the photometric quantities of the test vehicles which were well below the maximum sustainable forward current of 1500 mA. The electrical bias used during the accelerated life test was 350 mA. Both current-levels were among the functional range according to the datasheet for the LED. In order to record the discoloration process under the contamination environment, pictures of the LED lens and phosphor were taken.
Luminous Flux Measurement was performed by utilizing an integrated sphere and a spectroradiometer. Air movement was minimized and the temperature inside the sphere was not subject to the ambient temperature outside of the sphere. A spectroradiometer was utilized to measure the radiant flux of the LEDs, from which luminous flux and chromaticity coordinates were calculated. Figure 6 shows the integrating sphere system which was used to measure the absolute radiant flux. 4π geometry was used in the radiant flux measurement. The testing sample can also be seen clearly in Figure 6 .
Color Shift Distance is the absolute distance between the accelerated tested LED modules' chromaticity coordinates and the pristine LED modules' chromaticity coordinates in the CIE 1976 color space which is accepted by CIE in 1976 [23-24] . Monitoring the color shift path helps to understand which parts of a LED package fails. It can also be helpful for LED designers. Color Shift Distance calculation is given by: 
Test Results
For the first group in which the LEDs have been tested in an accelerated chamber with a port stopper made of vulcanized rubber, it is seen that the luminous flux of the LEDs degraded dramatically in a short time due to the VOC contamination. For the second group in which the contamination source is the adhesive epoxy used in accelerated chambers, it is seen that the VOC contamination process was reversible, if samples were transferred to a clean environment. During the test, pictures were taken to record the discoloration process at each readout time with digital camera. Figure 7 and Figure 8 show the expansion of the discolored area caused by VOCs contamination for the first group. The black area only appears in the phosphor layer. Detailed analysis of the phosphor layer is presented the subsequent sections of the paper. Figure 9 shows the relative luminous flux of the group1 samples during the test. It is obvious that the luminous flux drops dramatically in a very short time in conjunction with the appearance of discoloration area on the phosphor layer of the LED. In addition, because of the discoloration of the phosphor, the color temperature of the lamp shifts dramatically. Figure 10 shows the recorded data of correlated color temperature. The change in the correlated color temperature indicates that the color shifts from white color to yellow after exposure to contamination. Figure 11 shows the color shift distance of group 1 samples during the test in the u'v' space. In the contaminated chamber with a vulcanized rubber port stopper, it is seen that the color shifts dramatically in short time indicated by the increase in the u'v' values as a function of time. Figure 12 shows the color shift path of one sample from group1 in ANSI tolerance for SSL source in the 1976 u', v' chromaticity diagram [NEMA 2011; Judd 1936] . The color shift follows the black arrow in Figure 12 . Following the arrow, the color shift from near the Planckian locus to yellow area indicates a filtering of blue emission. The second group with the adhesive epoxy contamination source exhibits a discoloration process that is reversible when samples were moved to VOCs free environment. Luminous flux output of the LED test samples increases again once the samples are moved to a contamination free environment. Furthermore, color coordinates in chromaticity space are found to shift back to location near white point. Figure 13 is the test result of relative luminous flux for the group2 samples. Relative luminous flux goes down dramatically caused by the VOC contamination and then goes up when samples were transferred to clean chamber. Figure 14 shows the correlated color temperature test result of the second group. From the test result, the CCT value drops first and then starts to increase caused by the disappearance of discoloration area. Figure 15 shows the color shift distance during the group2 test. In the contaminated chamber, color shift dramatically in short time. It is seen that when the samples were removed to clean chamber, the color shift distance starts to decrease, because of the disappearance of discoloration area. Figure 16 shows the color shift path of a sample from group 2 in ANSI tolerance for SSL source in the 1976 u', v' chromaticity diagram. The color shift follows the black arrow in Figure 16 . Following the arrow, the color shifts from near the Planckian locus to the yellow area after contamination. However, when the samples were moved to VOCs free environment, the chromaticity coordinates of the LED migrate back to a location near the Planckian locus. During the reverse process, optical image of LED package was recorded to monitor the change of the contamination area on the phosphor layer. From the following Figure 17 and Figure  18 , it can be seen that VOC contamination is reversible when samples were moved to VOC free environment. After taking measurement for 624 hours in contaminated environment, samples were moved to VOC free environment. The black area on the phosphor is caused by the discoloration of VOCs. It was observed that the lens did not change during the experiment after exposure to environmental contaminants.
Discussion of the Failure Mechanisms
It is hypothesized that during the accelerated test, high temperature and high percentage relative humidity exposure caused the vulcanized rubber and epoxy start to release volatile organic compounds. Due to the sealed environment inside the accelerated test chamber, the high density of the VOCs diffused into the silicone polymer and were trapped into the space between the phosphor particles. When the LEDs went through the power cycle, high junction temperature and radiant power from the chip caused the trapped VOCs to produce discoloration of the phosphor. The discoloration of the phosphor caused the luminous flux to degrade dramatically and caused the color coordinates to shift significantly in the yellow direction. However, when the test samples were moved to a VOCs free environment, the VOCs trapped inside the phosphor particles diffused out causing the discoloration to disappear. The discoloration process caused by VOCs is reversible under clean environment. Figure 19 shows the discoloration appearance of the VOCs contaminated LED. From the digital image, Discoloration occurs around the top surface of the LED chip because this is where the greatest heat and flux density comes into contact with the phosphor binder. The output spectrum of LED is predominately determined by two factors. The first is the semiconductor material that used to fabricate the chip. The second is the physical properties of the phosphor. Semiconductor material will determine the wavelength of the blue peak. The emitted wavelength of yellow peak is decided by the phosphor. For high power LEDs, the fabrication material usually is the InGaN which emits approximately450nm-500nm blue light. In order to obtain white color spectrum, a portion of the blue light is absorbed by the phosphor and re-emitted from phosphor as yellow light. The physical properties of the chip and the phosphor can be monitored by recording the output spectrum of the LEDs. During the VOCs contamination, there is an obvious color change of phosphor. However, the discoloration is not caused by the change of physical or chemical properties of the phosphor. From the recorded radiant flux of Group 1 samples, there is no observable shift of the yellow peak in the emitted light. Once the black area on the phosphor is caused by the discoloration of VOCs, the discolored VOCs start to absorb emitted light. The absorption of the emitted light causes a degradation in the total luminous flux. Furthermore, during the absorption of light, the phosphor absorbed more blue light thus causing a shift in the chromaticity coordinates. Figure 20 shows the measured radiant flux of group 1 samples during the test.
Discoloration Analysis
In order to further study the contamination area of the LED package, a pair of control-group sample and contaminated sample were cross sectioned from the middle area where the discoloration had been observed in the contaminated set samples (the red line used for the cross-section is shown in Figure 21 ). Figure 21 shows the middle line and polished surface images of the LED package. Detailed analysis were performed on the area near the LED chip in the package. It is important to understand the architecture of the chip before analysis. Different architectures of LED chip have been used in commercial products to increase the photon extraction efficiency and to maximize the power output. The samples used in this experiment had a vertical layout and also called vertical LED (VLED). During the fabrication, the laser liftoff (LLO) and chemical lift off methods are utilized to separate LED epitaxial layer from the sapphire substrate, because of its poor heat conductivity. The epitaxial layer were then transferred to electrically and thermally conducting silicon supporters. Figure 22 shows the magnified view of the chip area. From the image, different layers can be seen clearly. Optical images of high magnification were taken in both the control-group and the contaminated samples to observe how and where the VOC contamination happened. Figure 25 shows the comparison between the controlled sample and contaminated samples at the chip-phosphor layer interface. There is an obvious color change in both the phosphor layer and the adhesive layer. From the VOCs contamination theory, the contamination should only happens in phosphor binder layer. In the next analysis phase, a detailed analysis were performed on the adhesive layer with SEM (Scanning electron Microscopy) and EDX (Energy-dispersive X-ray) technology to explain the reason for discolored adhesive layer. During the analysis of the adhesive layer, SEM image were taken and EDX analysis were performed to decide what had changed in this layer. EDX spectroscopy (EDS, EDX, or XEDS), which also called energy dispersive X-ray analysis is an elemental analysis technique which can tell the composition of each element. The following Figure 26 shows the SEM pictures and EDX analysis of the adhesive layer: Figure 26 . SEM View and EDX Analysis of Adhesive and Conductive Layer
From the test result, gold is the main component of the adhesive layer and this element is very stable. There are supposed to be no change of that layer. Also, the following Figure 27 shows that the adhesive layer is not continuous and most part of the layer is empty which make sense considering the high cost of gold. In conclusion, the adhesive layer is impossible contaminated by the VOCs and it is becoming black is caused by optic illusion. The light engine and silicon binder are both transparent. When light goes inside of the empty space of the adhesive layer, it will be reflected out by the mirror layer. However, when the phosphor layer was contaminated by VOCs and become black. The light goes inside of the empty space of adhesive layer will be absorbed by phosphor layer which makes the adhesive layer looks black. Actually, it is just optical illusion. In conclusion, the contamination area only appears in the phosphor layer. This conclusion can also be proved by the comparison between the controlled sample and the discolored sample, when their lens are removed. Figure 28 shows the comparison. It is obvious from the figure that only the phosphor layer become black.
Summary and Conclusions
Experimental data presented in the paper shows that vulcanized rubbers and adhesive epoxies operating in high temperature and high humidity environments in the vicinity of the LED-based product may give off VOCs and affect the luminous flux output and color stability of the product dramatically and prematurely. Furthermore, since rubbers and epoxies may be used in the construction of the LEDs, Solid State Luminaires -given the drastic impact of the VOC outgassing on the LED performance and reliability shown by the data in this paper, it is imperative that examination of the interactions of the material composition with the luminous flux output and color shift of the LED be examined for critical applications. Temperature humidity exposure has been shown in this paper to be a quick and effective way to test the interaction between the outgassing of rubbers and epoxies on the luminous flux output and color shift. While epoxies and glues in LED applications may be conventionally chosen for heat management, accommodating the thermal mismatch and maintaining good adhesion over the lifetime of the LED and SSL -the requirement for adequate lifetime without significant luminous flux degradation and color shift will necessitate that the materials be thermally stable without significant outgassing while operating at high temperature and high humidity.
